Introduction
Arsenic contamination is the most serious worldwide human health threat due to its extremely toxic effects on animals and plants (Banerji, Chaudhari 2016; Smith et al. 2015) . Arsenic, one of WHO's 10 chemicals of major public health concern, can be released into environment through many natural processes and various human activities (WHO 2016; Acosta et al. 2015; Mohan, Pittman 2007; Smedley, Kinniburg 2002) . Long-term arsenic exposure can result in cancer in skin/lungs/urinary tracts, neurotoxicity, diabetes and cardiovascular disease (Sabbatini et al. 2010) . The maximum arsenic limit of 10 µg/L in drinking water has been recommended by the World Health Organization (WHO) and acknowledged by many countries (WHO 2016) .
Various treatment technologies, e.g. coagulation and precipitation, adsorption, membrane filtration, ion exchange, reverse osmosis and phytoremediation, have been developed for arsenic removal from drinking water and wastewater (Mishra, Mahato 2016) . Among these available the magnetic separation of fine iron oxides nanoparticles from water is hard to carry out and very expensive. Moreover, for the <15nm nanoparticles, the separation could be ineffective and the residual particles in the effluent could cause some toxic problems. Additionally, their stability under different treatment conditions is uncertain (Mishra, Mahato 2016; Mohan, Pittman 2007) . Therefore, developing the ideal adsorbents to remove contaminants through fixed-bed column adsorption is still a goal of many researchers (Habuda-Stanić et al. 2008) .
The hierarchical porous microstructure of plants ranges from the millimeter-scale (growth ring pattern of wood) to the micrometer-scale (cellulose fiber structures) (Sieber 2005) . Great efforts had been made to convert these microstructures into microcellular designed materials in manufacturing adsorbents, which hold the hierarchical porous microstructure like a negative duplication of the plant biotemplates (Zhu et al. 2015) . The hierarchical porous adsorbent is advantageous in the application needing interconnected porosities, e.g. filtering (Presas et al. 2006) .
The porous composite of Fe 3 O 4 /Fe 2 O 3 /C (PC-Fe/C) has been developed by using eucalyptus wood as microstructural biotemplate and confirmed to be effective for As(V) adsorption through batch experiments (Wei et al. 2013) . However, the adsorption parameters obtained from batch experiments are generally not suitable for column operations. Thus, it is still needed to do equilibrium tests by using fixed-bed columns (Han et al. 2007 ). The main purpose of this work is to study the effectiveness of the PC-Fe/C application for the column adsorption of As(V) from aqueous solution. The effects of influent initial concentration, inflow rate, influent pH, adsorbent mass, adsorbent grain size and operating temperature on arsenic(V) adsorption by the PC-Fe/C-packed column were investigated. The Thomas, Yoon-Nelson, AdamsBohart, Wolborska and Clark models were used to fit the performances.
Materials and methods

Adsorbent preparation and characterization
Preparation
In order to increase the connectivity among pores and cellular of the biotemplates efficiently, the biotemplates of Eucalyptus wood chips (30×10×3 mm 3 ) were first boiled in 5% ammonia solution for 6h to extract gums, tropolones, fats, fatty acid, and so on. The biotemplates were then rinsed in ultrapure water and dried at 80 °C for 24 h. After the extraction treatment, they were soaked in a precursor solution of 1.2 mol/L Fe(NO 3 ) 3 in a binary (1:1) ethanol/water solvent at 60 °C for 3d and then dried at 80 °C for 1d. This soaking-drying process was repeated 3 times. Finally, the soaked-dried biotemplates were heated in a muffle furnace slowly to 600 °C at 4 °C/min and kept at 600 °C for 3h. After cooling to room temperature, the porous composites of Fe 3 O 4 /Fe 2 O 3 /C (PC-Fe/C) with eucalyptus wood hierarchical microstructure were obtained.
Characterization
The chemical component of the Fe 3 O 4 /Fe 2 O 3 /C adsorbent (PC-Fe/C) prepared was determined using an Element Analyzer (EA2400II, PerkinElmer). A Quantachrome NOVAe1000 was used to measure the BET (BrunauerEmmett-Teller) specific surface area. The adsorbent was also analyzed using an X'Pert PRO X-ray diffractometer (PANalytical B.V.) and identified by comparing with the ICDD (International Center for Diffraction Data) standards. The FT-IR spectra were recorded from 4000 to 400 cm -1 in a form of KBr pellets by a Nicolet Nexus 470 FT-IR spectrophotometer (Thermo Fisher Scientific Inc.) . Furthermore, the adsorbent morphology was examined using a Jeol JSM-6380LV scanning electron microscopy (Japan Electron Optics Ltd.).
Column experiments
Adsorption
The columns with an inner diameter of 12.8 mm and a length of 140 mm were used for the rapid small-scale column test (RSSCT). Plastic meshes and fiber glass were put on the column bottom and top to support the adsorbent to avoid the adsorbent loss and keep the adsorbent density in adsorption. A certain amount of the PC-Fe/C adsorbent was packed into each column and wetted with pure water in downward flow direction to withdraw the air trapped among particles. Stock arsenate solutions were prepared with analytical grade sodium arsenate (Na 3 AsO 4 ·12H 2 O) and nitric acid (HNO 3 ). A BL100-DG peristaltic pump (Changzhou PreFluid Technology Co., Ltd., China) was used to feed the As(V) working solution continuously downward into the column. The effluents were sampled at the time interval of 20 min, filtered through a 0.22 μm microporous membrane, acidified with nitric acid solution and preserved at 4 °C until analyses. The residual As(V) concentrations were measured using a SA-20 atomic fluorescence spectrometry (Beijing Titan Instruments Co., Ltd., China).
The effects of influent flow rate, initial As(V) concentration, influent pH, adsorbent mass, adsorbent grain size and operating temperature on adsorption removal capacity were investigated. The As(V) stock solution was diluted to 10, 20, 30 and 50 mg/L and the influent pH was adjusted to 1~10 to determine the As(V) adsorption capability of PC-Fe/C. The influent flow rate was adjusted to 3.434, 5.136, 10.27 and 15.41 mL/min to examine the influence of inflow rate. To value the effect of adsorbent mass, the PC-Fe/C of different amounts (1, 2, 3, and 4 g or 0.85 cm, 1.69 cm, 2.54 cm and 3.38 cm in bed depth) were packed in four separate columns. The PC-Fe/C adsorbents of 20~40 mesh (0.841~0.4 mm), 40~60 mesh (0.4~0.25 mm), 60~80 mesh (0.25~0.177 mm), 80~100 mesh (0.177~0.149 mm) or <100 mesh (<0.149 mm) were chosen to investigate the effect of adsorbent grain size. 25 °C, 35 °C or 45 °C were used to study the effect of temperature.
Desorption
0.50 g of the PC-Fe/C adsorbent (<100 mesh) was first agitated (150 rpm) with 50 mL of 20 mg/L As(V) solution of pH 8 by a thermostatic water bath oscillator for 1 h at 35 °C. And then, the As(V)-saturated adsorbent was taken out and agitated in 50 mL of 0.1 mol/L desorption solvent (NaOH, NaHCO 3 , NaCl or H 2 O) at 150 rpm and room temperature for 1 h. After that, the optimal desorption solvent was chosen for further column investigation. Three adsorption-desorption cycles were made in a continuous fixed-bed column. The As(V) working solution was first continuously fed downward into the column by a peristaltic pump. The influent initial concentration, the influent flow rate, the influent, the adsorbent mass, the adsorbent grain size and temperature were controlled at 20 mg/L, Q = 5.136 mL/min, pH = 3, m = 2g, <100 mesh and T = 35 °C, respectively. At the time interval of 20min, the effluent was collected, filtered and analyzed. When the effluent reached the exhaustion point (the exhaustion concentration = 18 mg/L), the feeding of the As(V) working solution was stopped. Then, 0.1 mol/L NaOH solution as desorption solvent was continuously fed upward into the column by a peristaltic pump. At the time interval of 20 min, the effluent was also collected, filtered and analyzed. The effect of desorption solvent concentration, influent rate and temperature was studied.
Mathematical description of fixed-bed column studies
The total adsorbed As(V) (q total ) by the column can be calculated by integrating the plot of the adsorbed As(V) concentration (C ad = C 0 -C t ) against the flow time (t). The area (A) under this integrated plot is substituted in Eq. (1) to determine q total : q total (mg) = 0 1000 1000
The total amount of As(V) flowing through the column (m total ) can be calculated with Eq. (2):
where, the t total and Q represent the total flow time (min) and the volumetric inflow rate (mL/min), respectively. The total removal efficiency of As(V) can be used to evaluate the column performance, as expressed in Eq. (3):
The column maximum adsorption capacity, also known as the equilibrium metal ion uptake (q e ), is calculated using Eq. (4):
in which, x is the unit mass of adsorbent packed in the column.
Adsorption modeling for fixed bed column studies
Generally, the breakthrough curve of the continuous fixed bed system can be expressed as C t /C 0 versus the flow time (t), in which C 0 and C t represent the influent and effluent As(V) concentrations, respectively (Han et al. 2007; Goel et al. 2005) . The application of the column adsorption kinetic models is essential to provide further description of the column performance or to evaluate the strengths and weaknesses for the current adsorbent and column design. The column parameters show the most important effects on the column performance and optimum operation factors that contributed to the effective removal of As(V) ions. Hence, suitable parameters are important for the column operation to achieve optimum performance. Additionally, the theoretical models can be applied to the experimental data to further describe the adsorption mechanism. Because the adsorption process is not at a steady state as the influent flows through the fixed-bed column under predesigned operating conditions, it is not easy to express the dynamic behavior of adsorbate in the column. However, the modeling of data has been made in this work using the mathematical models such as the Thomas, Yoon-Nelson, Adams-Bohart, Wolborska and Clark models, which were constructed to describe and predict the dynamic behavior of the break through curves and have been used by various authors (Ghosh et al. 2014) . The theoretical predicted points (lines) with the five models were superposed on the breakthrough curves of the experimental results (points). The Thomas model is among the models commonly selected to conduct prediction of the breakthrough results (Lim, Aris 2014 ). The Thomas model has the following linearized form:
where k Th is the Thomas rate constant (mL/min·mg) and q e is the column maximum adsorption capacity (mg/g), which can be determined from a plot of ln[(C 0 /C t ]−1] against t at a given flow rate.
The Yoon-Nelson model is known to be a simple theoretical model because less column data is needed to construct the model, and it is suitable for the single component system (Lim, Aris 2014) . The linearized equation can be described as: 
where n is the Freundlich constant, A is the constant of the Clark model (min) and r is the adsorption rate (mg/L·min).
The Adams-Bohart model is usually selected for the prediction of the breakthrough for the initial part of the adsorption process. The model can be described as Eq. (8):
where the k AB represents the Adams-Bohart kinetic constant (L/mg min). The Z and N 0 are the bed depth of column (cm) and the saturation concentration (mg/L), respectively. The U 0 is the linear velocity (cm/min) determined from the calculation of volumetric flow rate over the bed section area. The Wolborska model can also be used to describe the breakthrough for the initial part of the adsorption dynamics with Eq. (9):
where β a is the kinetic coefficient of the external mass transfer (1/min). The Wolborska expression is the same as the Adams-Bohart equation when k AB = β a /N 0 .
Results and discussion
Characterization of the adsorbent
The Fe, O, C and H contents of the PC-Fe/C adsorbent were 62.51~65.37%, 20.46~20.52%, 10.73~10.96% and 3.04~5.52%, respectively. The BET surface area of PC-Fe/C was 59.2 m 2 /g, which was comparable to those for natural or synthetic iron oxides (Zhu et al. 2015) and decreased to 29.9 m 2 /g after As(V) adsorption. The XRD analysis showed that the PC-Fe/C adsorbent was composed of magnetite (Fe 3 O 4 ), hematite (α-Fe 2 O 3 ) and carbon (Figure 1) . Additionally, the PC-Fe/C adsorbent has a point of zero charge at pH PZC of 3.2. In the FT-IR spectra of the adsorbent after sorption of As(V), the peaks of AsO 4 3-tetrahedra for the O-As-O bending around 424.26 cm -1 (ν 4 ), 447.40~466.69 cm -1 (ν 4 ) and 634.47~692.32 cm -1 (ν 2 ) were observed, and the peaks of AsO 4 3-tetrahedra for the As-O stretching appeared around 860.10~877.45 cm -1 (ν 3 ) (Figure 2) .
The PC-Fe/C adsorbent maintained the hierarchical porous microstructure of eucalyptus wood very well (Figure 3) . Pores of three different sizes, i.e., macropores (widths 70~120 μm) originated from vessels, mesopores (widths 4.1~6.4 μm) from fiber pores and micropores (widths 0.1~1.3 μm) from pits on the walls of the fiber pores and vessels, were retained from eucalyptus wood (Figure 3 ). The extracting pre-treatment procedure could greatly increase the interpore connectivity.
Column adsorption
Effect of influent concentration
The equilibrium uptake of As(V) oxyanions increased with the increase of the influent As(V) concentrations from 10 mg/L to 50 mg/L (Figure 4 , Table 1 ). The unadsorbed As(V) concentrations at the equilibrium increased also along with the higher influent concentrations. This showed that the bed saturated quicker when a large amount of As(V) oxyanions were introduced to the adsorbent column. In the As(V) breakthrough curves, all four influent As(V) concentrations exhausted within 580 minutes. The PC-Fe/C is possibly favorable for As(V) adsorption. With the higher load of As(V) oxyanions, the column performance was fast in the beginning and remained constant at equilibrium after the removal efficiency began to decrease.
The breakthrough occurred gradually and the breakthrough curves scattered at lower influent As(V) concentrations. The sharper breakthrough curve occurred when the influent As(V) concentration increased (Figure 4) . The breakthrough (C t = 0.5 mg/L) at the influent As(V) concentration of 50mg/L appeared after 26 min (133.54 mL of effluent solution) while the breakpoint time (C t = 0.5 mg/L) at the influent As(V) concentration of 10 mg/L occurred after 216 min (1109.38 mL of effluent solution) ( with the decreasing influent As(V) concentration since the adsorption sites in the fixed-bed became more slowly saturated. A increased influent As(V) concentration resulted in an early breakpoint time, and the treated volume was the smallest at the highest influent As(V) concentration because the higher concentration gradient could cause a quicker transport as a result of an increased diffusion coefficient or increased mass transfer coefficient, i.e., the difference between the As(V) concentration in the solution and the As(V) concentration on the adsorbent is the driving force for adsorption (Nwabanne, Igbok 2012) . A greater concentration difference gives a larger driving force for adsorption and causes a larger adsorption capacity of the column fed. Moreover, the availability of the As(V) oxyanions for the adsorption sites was more at the higher influent As(V) concentration. The equilibrium As(V) uptake (q e ) and the total As(V) removal efficiency (Y) are also showed in Table 1 . The equilibrium adsorption capacities (q e,exp ) were 10.34 mg/g, 10.49 mg/g, 11.41 mg/g and 9.19 mg/g for the influent As(V) concentrations of 10 mg/L, 20 mg/L, 30 mg/L and 50 mg/L, respectively. The total As(V) removal efficiencies decreased from 79.70% to 49.35% with the increasing influent As(V) concentration from 10 to 50 mg/L. This indicated that the equilibrium As(V) uptake (q e,exp ) increased from 10.34 mg/g to 11.41 mg/g with the increasing influent As(V) concentration from 10 to 30 mg/L. However, a further increase of the influent As(V) concentration from 30 mg/L to 50 mg/L decreased the adsorption capacity. With respect to a lower influent As(V) concentration, the inflow adsorbate molecules were adequate to the active sites on the surface of the adsorbent. For a higher influent As(V) concentration, extreme inflow of As(V) (>30 mg/L) exceeded the limited available active sites on the adsorbent surface. Nevertheless, an increase in the influent As(V) concentration enhances the concentration gradient which can overcome mass transfer resistance and increase the adsorption capacity (Auta et al. 2013; Chen et al. 2011) . The bed can been saturated faster when a larger amount of As(V) was introduced into the column reactor (Podder, Majumder 2016; Han et al. 2007; Goel et al. 2005) .
Effect of influent flow rate
The influent flow rate of metal solution into the column is one of the most important parameters that affect the removal capacity of the bed column (Podder, Majumder 2016; Lim, Aris 2014 ). An increase in the influent flow rate into the adsorption column was synonymous with an increase in mass flow (Auta et al. 2013) . The influent flow rates (Q) were varied to 3.434, 5.136, 10.27 and 15.41 mL/min for the column. The adsorption data versus flow rate are plotted in Figure 5 , and the equilibrium As(V) uptake (q e ) and the total As(V) removal efficiency (Y) are showed in Table 1 and 2. For the lowest flow rate of 3.434 mL/min applied in the columns system, the breakthrough curve in the column (C t /C 0 ) was found to have a gradual curve than the 5.136, 10.27 and 15.41 mL/min. While for the highest flow rate of 15.41 mL/min, the breakthrough curve (C t /C 0 ) of As(V) was seen to increase drastically at the initial part of the performance ( Figure 5 ). The influent flow rate considerably affected the contact time between the adsorbate and adsorbent, which was comparatively longer with the decreased flow rate. Therefore, at the beginning of operation, the adsorption was incomplete and led to steep breakthrough result (Podder, Majumder 2016; Lim, Aris 2014) . At the equilibrium, the un-adsorbed As(V) concentration increased as the inflow rate increased. As showed in Figure 5 and Table 1 , at the lowest flow rate of 3.434 mL/min, most of As(V) was adsorbed at the operation beginning. Note: the subscripts "exp" and "calc" show the experimental and calculated values.
End of Table 2 As the operation processed, the effluent As(V) concentration was rapidly close to the influent As(V) concentration and the PC-Fe/C bed in the column became saturated with As(V). The breakpoint time decreased with increasing flow rate. Much sharper breakthrough curves were observed at a higher flow rates. At the slowest inflow rate of 3.434 mL/min, the breakthrough time was longer as compared to the higher flow rate of 15.41 mL/min. Earlier saturation of the adsorbent bed was associated with the higher mass transfer coefficient due to the higher inflow rate. Therefore, a lower inflow rate would enhance the As(V) adsorption on the PC-Fe/C bed and slower the breakthrough, i.e., a decrease in the inflow rate would considerably increase the breakthrough time for saturation ( Figure 5 , Table 2 ). Although a longer residence time at a lower inflow rate provided a longer time for diffusion of As(V) ions, the maximum adsorption capacity (q e ) of the column decreased with the decrease in the total amount of inlet As(V) i.e., the total influent volume at the exhausting point of C t /C 0 = 0.9. The experimental q e values were 12.63, 10.49, 14.99 and 13.01 mg/g for the inflow rates of 3.434, 5.136, 10.27 and 15.41 mL/min, respectively. The total As(V) influent volumes at the exhausting point of C t / C 0 = 0.9 were 1583.07, 1422.67, 2197.78 and 1849.20 mL, and the total amounts of inlet As(V) were 31.66, 28.45, 43.96 and 36.98 mg for the inflow rates of 3.434, 5.136, 10.27 and 15.41 mL/min, respectively. Figure 5 and Table 1 showed also that the removal efficiency was higher at a lower inflow rate. As(V) had a longer time in contact with adsorbent at a low inflow rate, which resulted in a higher removal of As(V) oxyanions in the PC-Fe/C column. The total adsorbed As(V) quantities also decreased from 79.09% to 67.56% with the increasing inflow rates from 3.434 mL/min to 15.41 mL/min. At the same time, the breakthrough curves became steeper and the column operation reached the breakthrough points quickly. This is because the contact time between the adsorbate and the adsorbent decreased and the rate of mass transfer increased at a higher inflow rate, i.e. the amount of As(V) adsorbed onto the unit bed depth (mass transfer zone) increased with the increase in inflow rate resulting in faster saturation and early breakthrough (Nwabanne, Igbokw 2012; Han et al. 2007) .
The inflow rate greatly affected the contact between the adsorbate and adsorbent, which can be described by the fact that the residence time of the adsorbate was longer at a lower inflow rate and so, the adsorbent had longer time to bind As(V) oxyanions effectively (Podder, Majumder 2016; Lim, Aris 2014) . On the other hand, the As(V) influent might have leaved the column before the equilibrium was reached, if the residence time of As(V) oxyanions in the PC-Fe/C column was not long enough to reach the adsorption equilibrium at a high inflow rate. Therefore, the adsorption was incomplete and a steep breakthrough curve was observed at the beginning of operation (Podder, Majumder 2016; Xu et al. 2013 ).
Effect of influent pH
The adsorption capacity, efficiency and mechanism from water onto the adsorbent surface are related to the influent pH, which affected the physical-chemical interaction between the aqueous adsorbate species and the adsorptive sites on the adsorbent surface (Targan et al. 2013; Aksu, Gönen 2004) . The As(V) adsorption experiments were carried out at the pHs between 1.0 and 10.0 to examine the effect of the influent pHs on As(V) adsorption in the PC-Fe/C column using a plot of dimensionless concentration (C t /C 0 ) versus time (t) (Figure 6 ). The equilibrium As(V) uptake (q e ) and the total As(V) removal efficiency (Y) at different influent pHs were also listed in Table 1 . The adsorption removal of As(V) was more efficient at the low influent pHs than at the high influent pHs. The highest adsorption capacity and removal rate for As(V) appeared at the influent pH 3, i.e., 10.49 mg/g and 71.63%, respectively. They decreased significantly with the influent pH increase from 3 to 10. The times needed for the 50% Figure 5 . Effect of influent flow rate on breakthrough curve for As(V) adsorption removal by the PC-Fe/C adsorbent prepared with eucalyptus wood template (influent As(V) concentration: 20 mg/L; pH: 3; adsorbent mass: 2 g; adsorbent grain size: <100 mesh; operating temperature: 35 °C) Figure 6 . Effect of influent pH on breakthrough curve for As(V) adsorption removal by the PC-Fe/C adsorbent prepared with eucalyptus wood template (influent As(V) concentration: 20 mg/L; flow rate: 5.136 mL/min; adsorbent mass: 2 g; adsorbent grain size: <100 mesh; operating temperature: 35 °C) adsorbate breakthrough (τ exp ) decreased significantly with the increasing influent pHs ( Figure 6 and Table 2), which indicated that the breakthrough curves shifted clearly with the increasing influent pH.
Effect of adsorbent mass (bed depth)
The contact time of the influent along the column bed decreased with the decreasing adsorbent mass (bed depth), although the influent rate was kept same (Podder, Majumder 2016) . To determine the effects of adsorbent mass (bed depth) on the breakthrough time, 20 mg/L As(V) solution of pH 3.0 was inlet through the PC-Fe/C column at an inflow rate of 5.136 mL/min by varying the adsorbent mass (bed depth). The breakthrough for As(V) happened earlier and the bed column exhausted faster with the decreasing adsorbent mass, i.e., the column breakthrough time was greatly influenced by the bed depth (Lim, Aris 2014). The increase of the As(V) adsorption capacity with the increasing adsorbent mass might be owing to the increased surface area of the adsorbent that could offer more binding sites for adsorption (Podder, Majumder 2016; Han et al. 2007 ). The larger adsorbent amount could delay the bed exhaustion time, which meant that the PC-Fe/C bed column could operate for a longer time without replacing the adsorbent (Podder, Majumder 2016; Xu et al. 2013) .
The breakthrough curves for variation in the amount of the PC-Fe/C (adsorbent mass: 1, 2, 3, 4 g or bed depth: 0.85, 1.69, 2.54, 3.38 cm) loaded into the adsorption column are plotted in Figure 7 . As the adsorbent mass or the bed depth was increased, As(V) had a longer time to be adsorbed onto PC-Fe/C with a higher removal efficiency. Thus, the larger adsorbent mass could cause a decrease in the effluent As(V) concentration within the same operating time. The slopes of the breakthrough curves increased with the decreasing adsorbent mass, which resulted in a broadened mass transfer zone (Han et al. 2007) .
The equilibrium As(V) uptakes (q e ) and the total As(V) removal efficiencies (Y) versus the adsorbent mass are presented in Table 1 . As the adsorbent mass (bed depth) decreased, the breakthrough for As(V) occurred earlier and the bed column exhausted faster. The increase in adsorbent mass could improve the column operation and reduce the effluent As(V) concentration at the end of the system (Table 1 and 2). The result showed that the throughput capacity of the As(V) solution increased with the increase in adsorbent mass or bed depth due to the accessibility of more adsorption sites (Nwabanne, Igbokw 2012) . For a larger adsorbent mass, the effluent As(V) concentration decreased more rapidly than for a smaller adsorbent mass. Additionally, the beds were saturated in a longer time for a larger adsorbent mass. An increase in the adsorbent mass increased the service area of the adsorbent bed (Auta et al. 2013) . The operation area increase enhanced more interaction between As(V) oxyanions and the active sites on PC-Fe/C, gave a prolonged breakthrough point attainment, henceforth increased the treatment volume of the As(V) influent and the adsorption capacity.
Effect of adsorbent grain size
Effects of adsorbent grain sizes were studied with various adsorbent grain sizes, while the other conditions were kept constant (Figure 8, Table 1 and 3) . The adsorption of As(V) was greatly related to the adsorbent grain size. The equilibrium adsorption capacities [q e,exp ] were 4.51 mg/g, 6.11 mg/g, 6.60 mg/g, 7.57 mg/g and 10.49 mg/g for the adsorbent grain sizes of 20~40 mesh (0.841~0.4 mm), 40~60 mesh (0.4~0.25 mm), 60~80 mesh (0.25~0.177 mm), 80~100 mesh (0.177~0.149 mm) and <100 mesh (<0.149 mm), respectively. The total As(V) removal efficiencies increased from 53.20% to 71.63% with the decreasing adsorbent grain sizes. The influent volume treated was the largest for the smallest grain size (<100 mesh or <0.149 mm). As the adsorbent grain sizes decreased, flatter breakthrough curves and later breakthrough times were observed because the adsorbent surface area increased and the adsorption sites were more gradually occupied in the PC-Fe/C column. The times required for 50% As(V) breakthrough (τ exp ) were 80 min, 114 min, 142 min, 130 min and 200 min for the adsorbent grain sizes of 20~40 mesh, 40~60 mesh, 60~80 mesh, 80~100 mesh and <100 mesh, respectively (Table 2) .
Effect of operating temperature
The breakthrough curves for the As(V) adsorption by PC-Fe/C at different operating temperatures and their adsorption capacities are illustrated in Figure 9 and Table 1 and 2. The equilibrium adsorption capacities (q e,exp ) were 9.16 mg/g, 10.49 mg/g and 11.01 mg/g, and the times required for 50% adsorbate breakthrough (τ exp ) were 180 min, 200 min and 208 min at the operating temperatures of 25, 35 and 45 °C, respectively. The As(V) adsorption was not significantly influenced by the operating temperature, i.e., the breakthrough curve shifted not obviously with the variation of the operating temperature. Thus, the PC-Fe/C adsorbent could be used for As(V) removal over a wide range of operating temperature.
Arsenate adsorption mechanisms
The arsenate adsorption is strongly dependent on the point of zero charge of adsorbents (pH PZC ), at which the net charge of the adsorbent surface is neutral. When the pH PZC value is higher than the solution pH, the particle surface is positively charged; when the pH PZC value is lower than the solution pH, the particle surface is negatively charged. The pH pzc values of the PC-Fe/C adsorbent, Fe 3 O 4 , α-Fe 2 O 3 and the eucalyptus wood biochar were 3.2, 5.7, 5.2, and 3.1, respectively. The pH PZC of the PC-Fe/C adsorbent (3.2) was lower than that of magnetite and hematite. In the acidic aqueous solution, the iron oxides surface is positively charged. The amount of the positively charged sites on the adsorbent particle surface together with arsenate speciation determined the pH reliance of arsenate adsorption by magnetite and hematite. The change of the concentration of each arsenic(V) species with pH indicated that As(V) exists mainly as negatively charged arsenate anions [H 2 AsO 4 -, HAsO 4 2-or AsO 4 3-], accounting for more than 99 per cent of the total As(V) in solution, which can be strongly adsorbed onto the positively charged surface sites of iron oxides when the solution pH is lower than their pH PZC (Figure 10 ). Only in strong acidic solution, some part of As(V) can exist as neutral molecules, i.e., H 3 AsO 4 species.
The solution pH can also affect the ionization of all functional groups existing on the adsorbent surface simultaneously. When pH <5.6 (pK a1 ), main functional groups on the solid surface are Fe 2+ or FeOH + , i.e., magnetite can attract negatively charged species. When pH >5.6, the main functional hydroxyl groups on the solid surface are Fe(OH) 3 -and Fe(OH) 2 0 , the negatively charged adsorbent surface repelled negatively charged species . The As(V) adsorption onto magnetite and hematite may involve many chemical reactions , i.e., forming of the mono-dentate inner sphere complexes on iron oxides through replacing of the singly coordinated surface hydroxyl groups by the arsenate species HAsO 4 2-(10); protonation of the arsenate species adsorbed (11, 12), and deprotonation and protonation of the singly coordinated surface hydroxyl (12, 13). In the present work, the protonation reactions (11, 12, 13) occurred when pH <6.8 and the H + consumption caused a pH increase. When pH >6.8, the deprotonation reaction (14) occurred and the solution pH decreased (Figure 10 ). 2.4. Adsorption modeling for breakthrough curve
The Thomas model and the Yoon-Nelson model
The Thomas rate constants (k Th ) and the equilibrium As(V) uptakes (q e, calc ) were calculated by fitting the column experimental data to the Thomas model (Table 1) . Together with the experimental data points under different experimental conditions, the curves predicted by the Thomas equation are also illustrated in Figures 4~10 , respectively. The coefficients (R 2 ) values for linear regression ranged from 0.8367 to 0.9907, which showed a significant correlation between C t /C 0 and t ( Table 1) . The Thomas rate constants (k Th ) decreased with the increasing influent As(V) concentration and increased with the increasing inflow rates. The concentration difference between As(V) in the solution and As(V) on the adsorbent surface was the driving force for adsorption. Hence, the higher influent As(V) concentration resulted in the higher driving force and a better column performance. Lower inflow rate and higher influent As(V) concentration could enhance the As(V) adsorption in the PC-Fe/C column. Longer residence times at lower inflow rates allowed for longer diffusion of the As(V) ions. The k Th values increased from 0.00111 mL/min·mg to 0.00277 mL/min·mg with the increasing inflow rate from 3.434 mL/min to 15.41 mL/min. The influent pH, adsorbent mass (bed depth), adsorbent grain size and operating temperature had little effect on the Thomas rate constant (k Th ). The calculated equilibrium As(V) uptakes (q e,calc ) were nearly the same as the experimental values (q e,exp ) ( Table 1 ). The predicted and the experimental data were plotted with great consistency (Figures 4~10). The Thomas model was suitable to describe the As(V) adsorption process, in which the external and internal diffusions were not the limiting step.
The Yoon-Nelson model, which is a simple theoretical model because less column data are required to construct the model, was also applied to examine the breakthrough characters of the As(V) adsorption onto PC-Fe/C. The Yoon-Nelson rate constants (k YN ) and the times required for 50% As(V) breakthrough (τ) were calculated and listed in Table 2 . The results indicated that the k YN values increased with the increasing influent concentrations and inflow rates. The 50% breakthrough times (τ) decreased with the increasing influent As(V) concentrations and the increasing inflow rates, and increased with the increasing adsorbent mass. The calculated τ values (τ calc ) were near to the experimental results (τ exp ). The deviation of τ calc from τ exp (Δτ/τ exp ) was determined to be 4.34% under the conditions of the influent As(V) concentration 20 mg/L, inflow rate 5.136 mL/min, pH 3, adsorbent mass 2 g, adsorbent grain size <100 mesh and operating temperature 35 °C (Table 2) . In order to compare with the experimental data points, the predicted curves from the Yoon-Nelson model are also plotted in Figures 4~10 .
The increase of the rate constants (k YN ) and the adsorption capacities (q e ) with the increasing influent As(V) concentrations is considered to be owing to the increasing competition of As(V) ions for the adsorption sites on the PC-Fe/C surface, which lastly resulted in the increase of the As(V) uptake rates (Nwabanne, Igbokw 2012) . The high correlation coefficients (R 2 = 0.8367 to 0.9907) indicated that the experimental data could be well fitted with the Yoon-Nelson equation. Table 1 and Table 2 show that the correlation coefficients (R 2 ) for the Yoon-Nelson model were the same as that for the Thomas model when the linear regression was used. Therefore, the Thomas and Yoon-Nelson models can very well describe the As(V) adsorption onto the PC-Fe/C surface.
The Yoon-Nelson rate constants (k YN ) increased with the increasing adsorbent mass from 1 g to 3 g. Due to the high linear regression coefficients for the plotted curves of the influent flow rate (Q) or adsorbent mass (x) versus the Yoon-Nelson model parameters [τ Theo , t 1 and t 2 ], the breakthrough times and exhaustion times for the adsorption breakthrough curves were calculated (Appendix C, D). The dynamic adsorption capacity were also calculated to be 11.73 mg/g, 10.72 mg/g, 10.88 mg/g and 11.70 mg/g for the adsorbent masses of 1 g, 2 g, 3 g and 4 g, respectively, which were close to the experimental data (Table 1) .
The Clark model
It was confirmed that the Freundlich equation could be used to express the As(V) adsorption on the PC-Fe/C adsorbent in a previous batch research (Wei et al. 2013) . So, the Freundlich constants 1/n (0.1916, 25 °C; 0.2304, 35 °C; 0.2252, 45 °C) were used to estimate the parameters of the Clark model. The A and r values of the Clark model were calculated according to Eq. (7) by the means of the linear regression analysis and are showed in Appendix A. As the influent As(V) concentration and the inflow rate increased, the constants of the Clark model (A) decreased and the adsorption rates (r) increased. The breakthrough curves predicted by the Clark model according to Eq. (7) were also plotted in Figures 4~10 . The results indicated that the predicted curves had a good correlation with the experimental data points in respects of the effects of the influent As(V) concentration (R 2 = 0.7364~0.9781), the inflow rate (R 2 = 0.9314~0.9515), the adsorbent mass (R 2 = 0.7633~0.9314) and the adsorbent grain size (R 2 = 0.7761~0.9314).
The Adams-Bohart model and the Wolborska model
The Adams-Bohart and Wolborska adsorption models could be used to describe the initial part of the breakthrough curves ( Figures 4~10, Appendix B) . As the influent As(V) concentration increased from 10 mg/L to 50 mg/L, the kinetic constant k AB of the Adams-Bohart model decreased from 0.001320 L/mg·min to 0.000714 L/mg·min and the kinetic coefficient of the external mass transfer (β a ) of the Wolborska model decreased from 0.0149 to 0.0100 1/min. As the influent flow rate increased from 3.434 mL/min to 15.41 mL/min, the kinetic constant k AB of the Adams-Bohart model increased from 0.000865 to 0.001675 L/mg·min and the kinetic coefficient of the external mass transfer (β a ) of the Wolborska model increased from 0.0116 to 0.0282 1/min. This indicated that the external mass transfer was the dominant kinetics in the initial part of As(V) adsorption in the column system. The experimental data under different experimental conditions were compared with the predicted curves using the Adams-Bohart model and the Wolborska model in Figures 4~10 . There was a good correlation between the experimental data and the predicted curves in the initial part of the column adsorption. The Adams-Bohart and Wolborska models were valid only for the relative As(V) concentration up to 60% breakthrough, and there was a great divergence between the experimental data and the predicted curves above this value.
Comparison of the five models
When a linear regression was used during fitting, the correlation coefficients (R 2 ) for the Thomas model were the same as those for the Yoon-Nelson model and the correlation coefficients (R 2 ) for the Adams-Bohart model were the same as those for the Wolborska model. The Thomas and Yoon-Nelson models could well describe the behavior of the adsorption process, but the Adams-Bohart, Wolborska and Clark models did not offer the best results. Comparing the correlation coefficients (R 2 ) for the five models, the correlation coefficients (R 2 ) for the Thomas and Yoon-Nelson models were 0.9807 under the conditions of the influent As(V) concentration 20 mg/L, inflow rate 5.136 mL/min, pH 3, adsorbent mass 2 g, adsorbent grain size <100 mesh and operating temperature 35 °C, which were higher than 0.9314 for the Clark model and 0.9058 for the Adams-Bohart and Wolborska models. Therefore, the Thomas and Yoon-Nelson models were better in describing the As(V) adsorption process in the PC-Fe/C column. Regarding the Adams-Bohart and Wolborska models, they could predict only the initial part of the breakthrough curves. In the present work, the predicted range was up to C t /C 0 = 0.6, and the correlation coefficients (R 2 ) were smaller than those for the Thomas and Yoon-Nelson models under the same experimental conditions. Table 3 presents a comparison of the PC-Fe/C adsorbent with some iron oxides and iron-oxide-coated adsorbents for the arsenate adsorption removal from water in Table 3 . Comparison of adsorption capacity of the PC-Fe/C adsorbent with some iron oxides for As(V) removal literatures (Giménez et al. 2007; Mamindy-Pajany et al. 2011; Parsons et al. 2009; Luther et al. 2012; Yean et al. 2005; Aredes et al. 2012; Singh et al. 1996; Mishra, Mahato 2016; Hu et al. 2015; Türk, Alp 2014; Vitela-Rodriguez, Rangel-Mendez 2013) . As shown in the table, the PC-Fe/C adsorbent has a significant potential for the adsorption removal of As(V) from aqueous solution. The adsorption capacity of the PC-Fe/C adsorbent for As(V) (9.31~14.99 mg/g) was higher than those of natural hematite (0.10 mg/g), natural magnetite (0.12 mg/g) and natural goethite (0.20 mg/g) (Giménez et al. 2007) . Additionally, the As(V) adsorption capacities were 0.85, 0.41 and 1.22 mg/g for commercial magnetite, hematite and goethite, respectively (Mamindy-Pajany et al. 2011) . The As(V) adsorption capacities (9.31~14.99 mg/g) were 5.91~9.52 times 1.575 mg/g, which was reported to be the As(V) adsorption capacity for the synthetic magnetite nano-adsorbent (Parsons et al. 2009 ). Additionally, the PC-Fe/C adsorbent also showed a higher As(V) adsorption capacity than iron-oxide-coated adsorbents, such as activated carbons modified with iron hydro (oxide) nanoparticles (Vitela-Rodriguez 2013), Fehydrotalcite supported magnetite nanoparticle (Türk, Alp 2014) , iron-impregnated biochar (Hu et al. 2015) and iron oxide pillared clays (Mishra, Mahato 2016) .
Comparison of adsorption capacity
A decreasing of the specific surface areas from 256 m 2 /g for biochar to 16.0 m 2 /g for Fe-impregnated biochar suggested that Fe-impregnation could clog pore-openings or fill pores on biochar surfaces (Hu et al. 2015) . The soaking-drying process of the present work has overcome this disadvantage. The As(V) adsorption capacity of the commercially obtainable 20-nm magnetite (5.95~11.41 mg/g) was nearly 8~10 times that of the commercially obtainable 300-nm magnetite (0.75~1.08 mg/g) (Yean et al. 2005) . Normally, the finer the grain size the greater the adsorption capacity. Nevertheless, nano-materials tend to aggregate in water, which might limit their adsorption effectiveness and their large-scale application (Xu et al. 2013) . Although the removal rate was the highest with the smallest particle size, it is not suitable for the fixed-bed column application, due to potential clogging and serious hydraulic obstruction when waste streams flow through columns (Guo et al. 2014) . Hence, the hierarchical porous microstructure of the PC-Fe/C adsorbent prepared with eucalyptus wood template has a beneficial effect on the overall adsorption when the adsorbent is used without additional grinding to nanoparticles.
Column desorption and regeneration
Effect of desorption eluent
Desorption of the As(V) (adsorbate) from the PC-Fe/C adsorbent was carried out using four different eluents, i.e., 0.1 mol/L NaOH, 0.1 mol/L NaHCO 3 , 0.1 mol/L NaCl and 0.1 mol/L H 2 O. The desorption efficiencies were 86.84%, 49.35%, 8.81% and 2.73% for 0.1 mol/L NaOH, 0.1 mol/L NaHCO 3 , 0.1 mol/L NaCl and 0.1 mol/L H 2 O, respectively (Figure 11 ). The 0.1 mol/L NaOH solution was more effective than others (Figure 11 ), which was owing to the lower As(V) adsorption at a higher pH (pH >10) (Wei et al. 2013) . As indicated previously (Figure 7 ), As(V) exists as negatively charged arsenate anions [AsO 4 3-and HAsO 4
2-] in more alkaline solution at pH >10 (Yu et al. 2013; Sarı et al. 2010) , while a negative surface of the PCFe/C adsorbent formed at the same pH, which resulted in a desorption of As(V) from the PC-Fe/C adsorbent. Therefore, NaOH solution was used as desorption solution in the following column regeneration test.
Effect of desorption eluent concentration
The column desorption of As(V) from the PC-Fe/C adsorbent was studied at different inflow concentrations of NaOH, i.e., 0.01, 0.1 and 1.0 mol/L under the same conditions of the influent flow rate of 5.136 mL/min, the adsorbent mass of 2 g, the adsorbent grain size of <100 mesh and the operating temperature of 35 °C. The results obtained for three different NaOH concentrations are showed in Figure 12 . The maximum As(V) concentrations in the effluent were 61.28 mg/L for 1.0M NaOH, 46.43 mg/L for 0.1M NaOH and 30.33 mg/L for 0.01M NaOH after operating for 50, 45 and 35 min, respectively. The total regeneration efficiencies after the 140min desorption were near 100% for 1.0M NaOH, 71.75% for 0.1M NaOH and 33.94% for 0.01M NaOH, i.e., the regeneration efficiencies increased with the increasing eluent concentrations. During the desorption with 1M NaOH, the surfaces of the adsorbents became more negative, and the percentage of AsO 4 3-and HAsO 4 2-species also increased in high alkaline solutions. However, 0.1M NaOH may be more appropriate as eluent in the actual desorption performance because of severe problems caused by disposal of a higher basic waste.
Effect of inflow rate
The column desorption of As(V) from the PC-Fe/C adsorbent was made at three influent flow rates, i.e., 3.43 mL/min, 5.14 mL/min and 10.27 mL/min, under the conditions of the eluent concentration of 0.1 mol/L NaOH, the adsorbent mass of 2 g, the adsorbent grain size of <100 mesh and the operating temperature of 35 °C. The results obtained for the three different influent flow rates are shown in Figure 13 . The highest concentrations of As(V) in the effluent solutions were 50.42 mg/L at the inflow rate of 3.43 mL/min after operating for 75 min, 46.43 mg/L at 5.14 mL/min after 45 min and 30.82 mg/L at 10.27 mL/min after 30 min. The total regeneration efficiencies were 66.79% at the eluent inflow rate of 3.43 mL/min after desorption for 175 min, 71.75% at 5.14 mL/min after 140 min and 58.82% at 10.27 mL/min after 95 min, respectively.
Effect of operating temperature
The column desorption of As(V) from the PC-Fe/C adsorbent was carried out at the temperatures of 25 °C, 35 °C and 45 °C, under the conditions of the eluent concentration of 0.1 mol/L NaOH, the inflow rate of 5.136 mL/min, the adsorbent mass of 2 g and the adsorbent grain size of <100 mesh. The results obtained for three different operating temperatures are showed in Figure 14 . The highest As(V) concentrations in the effluents were 40.07 mg/L after operating at 25 °C for 50 min, 46.43 mg/L after operating at 35 °C for 45 min and 50.21 mg/L after operating at 45 °C for 50 min. The total regeneration efficiencies were 51.75% at 25 °C after the desorption operating for 130 min, 71.75% at 35 °C after 140min and 80.98% at 45 °C after 135 min, respectively, i.e., the regeneration efficiencies increased slightly with the increasing operating temperature.
Conclusions
The PC-Fe/C adsorbent can be applied to remove As(V) from water efficiently. The increase in the adsorbent mass (bed depth) and the decrease in the adsorbent grain size could greatly affect the column performance by decelerating the exhaustion time and improve the column quality. The total removal efficiency of As(V) increased with the increasing adsorbent mass. The increase in the influent flow rate, the influent As(V) concentration and the influent pH tended to accelerate the column exhaustion. The operating temperature had negligible influence on the column As(V) removal.
The Thomas and Yoon-Nelson models presented a very good correlation for the As(V) experimental data (R 2 > 0.9). The models can accurately predict the operation status of the adsorbent columns under the conditions of various As(V) influent concentrations, inflow rates, adsorbent masses and operating temperatures. The experimental and theoretical data were obviously correlated including the column parameters q e , τ, t 1 and t 2 . The times required for 50% breakthrough (τ) decreased with the increasing influent As(V) concentration, inflow rate and adsorbent mass (bed depth). The Adams-Bohart and Wolborska models were observed only suitable to express the initial part of the breakthrough curves. Under the condition of the influent As(V) concentration of 20 mg/L, the influent flow rate of 5.136 mL/min, the influent pH of 3, the adsorbent mass of 2 g, the adsorbent grain size of <100 mesh and the operating temperature of 35 °C, the equilibrium adsorption capacity reached 10.49 mg/g, which was near the predicted value of 10.72 mg/g according to the Thomas model. Figure 14 . Effect of operating temperature on the As(V) desorption efficiencies (eluent concentration: 0.1 mol/L NaOH; flow rate: 5.136 mL/min; adsorbent mass: 2 g; adsorbent grain size: <100 mesh) Figure 13 . Effect of flow rate on the As(V) desorption efficiencies (eluent concentration: 0.1 mol/L NaOH; adsorbent mass: 2 g; adsorbent grain size: <100 mesh; operating temperature: 35 °C)
The column desorption of the adsorbed As(V) from PC-Fe/C were greatly depended on the eluent concentration, inflow rate and operating temperature. After the desorption operating for 140 min by using 1M NaOH at the inflow rate of 5.136 mL/min, >99% of the adsorbed As(V) could be effectively eluted.
APPENDIX A
Parameters of the Clark model using linear regression analysis for As(V) adsorption to PC-Fe/C under different conditions. 
